The linear correlation between the EC 50 values of 50 substances obtained in luminescence bioassays using Vibrio fischeri and Vibrio harveyi and in a 6uorogenic bioassay using Escherichia coli was investigated. As a result, a signi5cant correlation was found between the said values in all three toxicity tests. The bioassay using V. harveyi had a sensitivity similar to that of the 6uorogenic bioassay, and the bioassay using V. fischeri was the least sensitive of all. The sensitivity of the three bioassays for each of the tested substances, chie6y heavy metals, organic solvents, orgnochlorated compounds, and pesticides, di4ered in the majority of the cases. The three bioassays were quanti5ed using the same laboratory apparatus and the data were processed in the same way. The possibility of designing a battery of toxicity tests that can be performed using the same apparatus but di4er-ent organisms and parameters is discussed.
INTRODUCTION
Tests using bacteria as indicators constitute at present the most widely used screening techniques for identifying the toxicity of substances and commercial products. Unlike toxicity tests that use more complex organisms like, for instance, "sh or mammals, bacterial tests are much quicker and cheaper. The growing interest in these tests is due to the fact that, despite the existence of di!erent toxicity mechanisms for organisms of di!erent species, a substance that is toxic for an organism often has an e!ect on other completely di!erent organisms, too (Bitton and Dutka, 1986; Kaiser, 1998) .
A great number of toxicity tests based on very di!erent methods and organisms have been described, and include studies of the e!ects of toxicants at the cellular, individual, population, and community levels (Adams, 1995; Girling et al., 2000) . As a counterpoint, the sensitivity range for each assay used to test chemical substances usually varies, sometimes considerably, depending on factors such as the species used and the parameter being quanti"ed in the assay (Kwan and Dutka, 1995; Dutka et al., 1993) .
Among the bacteria employed as indicators, <ibrio ,scheri (formerly Photobacterium phosphoreum) is probably the most widely used in toxicity tests. The data set of toxicity tests for these two organisms is in all likelihood the largest to have been published for a mere aquatic species (Kaiser, 1998) . One of the features of toxicity tests on which there exists practically generalized consensus is that, just as a more sensitive organism does not exist, it is also impossible to "nd an assay parameter that is more sensitive to all toxicants. The necessity of using a battery of tests to solve this problem, which, in addition to diverse, costly equipment and culture or assay media, usually requires speci"c software to process data, has been stressed for some time now (Kupillas et al., 1991) .
In this study both a luminescence bioassay and a #uorogenic bioassay have been adapted so that the reading of the e!ect being quanti"ed can be done using the same laboratory apparatus*a luminometer with the capacity to detect #uorogenic and chromogenic substances, as well as bioluminescence. The "rst of these assays was based on the capacity of toxicants to inhibit the luminescence of two bacterial species, <ibrio harveyi and <ibrio ,scheri, and the second on the glucuronidase activity of Escherichia coli. The overall objective was to perform the groundwork necessary for designing a battery of toxicity tests that can be conducted using a minimum of equipment, if possible just one measuring apparatus, and the data from which can be processed using the same method. Several rapid toxicity tests, based on #uorogenic or chromogenic substrata, or on colorimetric reactions with organisms other than bacteria, have been developed recently. Some of these tests use yeasts such as Kluyveromyces marxianus (Engler et al., 1999) and metabolic reactions of microcrustacea, for instance, Daphnia magna (De Coen et al., 1998 , 2001 , algae (Peterson and Stauber, 1996; Radix et al., 2000) , and rotifers (Mo!at and Snell, 1995) , and results are obtained nearly as quickly as when bacteria are employed. Rapid enzymatic assays with such di!erent organisms as these, using #uorogenic or chromogenic substrata, could be included in this battery once its range of action has been determined and the advantages of its use over that of other assays, or with speci"c types of toxicants, has been shown.
MATERIALS AND METHODS

Bacterial Strain, Media, and Cell Suspensions
Escherichia coli W3110 thy\, <ibrio ,scheri strain 4172, and <ibrio harveyi strain 525 were obtained from the Spanish Collection of Culture Types, Valencia, Spain. For the #uorogenic bioassay, a suspension A of 0.05$0.005 of E. coli was prepared in Vogel}Bonner minimal medium (VB), supplemented with thymine as described in Mariscal et al. (1995) . For the luminescence bioassy, suspensions A of 0.5 using phosphate-bu!ered saline containing sucrose for <. ,scheri or saline for <. harveyi were prepared as described by Thomulka et al. (1992) .
Procedures
The bioluminescence toxicity test for <. ,scheri or <. harveyi (BTF or BTH, respectively) was conducted following the &&direct assay procedure'' previously described (Thomulka et al., 1992) , but using a Perkin}Elmer luminescence spectrometer (Model LS30).
The #uorogenic toxicity test for the glucuronidase activity of E. coli (FTE) was identical to the test described by Mariscal et al. (1995) , the only di!erence being that the "nal concentration of methylumbelliferyl -D-glucuronide (MUG) was lower than that used in the original method. This modi"cation made it possible to measure directly the #uorescence without having to perform dilutions to avoid overloading the luminometer, a problem occasioned by some substances at low concentrations. This e!ect is discussed further later, but it appears that in some cases it may help to increase the sensitivity of the said toxicity test.
Basically, for the FTE test, stock solutions of the test substance were prepared in VB. Then, serial dilutions of all the stock solutions were prepared in a series of tubes, each containing 4.5 ml of VBT}MUG (VBT medium and MUG, at a "nal concentration of 10 g/ml), and were left to stabilize in a water bath at 373C for 10 min. The assays were performed by inoculating 0.5 ml of a 1:1000 dilution of the E. coli suspension A prepared immediately before use. The inoculated solutions were then incubated in a water bath at 373C for 3 h. Five replicates were used for each dilution test. Samples without test substances (controls) and blank (no inoculated tubes) were prepared in the same way.
Due to the fact that the pesticides tested were dissolved in di!erent solvents, acetonitrile, cyclohexane, dimethyl sulfoxide (DMSO), or methanol, to perform the tests the stock solutions containing pesticides were adjusted with VBT medium to a concentration of 10 mg/ml, containing 10% of the corresponding solvent. When the test substance was a pesticide, the same amount of solvent present in the samples was added to the controls, and other controls were prepared, this time without solvent to detect its potential toxic e!ect. The #uorescence of each tube was measured (excitation wavelength 340 nm, emission wavelength 445 nm) in relative #uorescence units with the same spectrometer used in the luminescence bioassays.
The e!ect of the substance resulting in 50% inhibition (EC ) for the luminescence and #uorescence toxicity tests was calculated using regression analysis. For this analysis only those concentrations capable of producing between 10 and 90% inhibition were considered. The percentage inhibition was calculated in relation to the controls (samples without the addition of a toxicant) as described by T+rsl+v (1993) and Mariscal et al. (1999) . In all cases the percentage inhibition was plotted versus the log of the concentration, or volume, of the substance is question. The EC (antilog x) was calculated by regression over the value of the percentage inhibition (y), where y"50. The numbers of microorganisms present at the beginning and at the end of each experiment were determined as colony-forming units (CFU) by counting organisms on seawater agar (<. ,scheri and <. harveyi) or tryptic soy agar (Oxoid) plates. The substances used to prepare the bacterial culture media were obtained from Panreac (Montplet and Esteban, S. A., Barcelona, Spain), the pesticides from the Institute of Organic Industrial Chemistry, Warsaw, Poland, and MUG and other substances from Sigma}Aldrich QumH mica, S. A. (Madrid, Spain).
RESULTS
The results of the three toxicity tests, BTF, BTH, and FTE, all given as averages for "ve replicates, are summarized in Table 1 . For the majority of substances tested a signi"cant correlation was observed (linear or exponential) between the log of the concentration and the percentage inhibition. In the case of Al (SO ) and KMnO , the response was nonlinear in all three toxicity tests. For two other substances, LiOH and DMSO, the response was nonlinear in both luminescence bioassays. And, for other six substances, Na S O , ethanol, benzene, pentachlorophenol, 1-chlorohexane, and carbaryl in DMSO, the response was nonlinear only in the #uorogenic bioassay. For these substances, in which the response varied from a no e!ect to 100% inhibition in two consecutive concentrations, the greatest concentration at which no inhibiting e!ect was observed is also listed in Table 1 . In another three assays, ?Nonproportional response. EC could be on indicated concentration. @Data not included when the regression coe$cient (R) was less than 0.80.
CuCl
and 2-mercaptoethanol in BTF and Na S O in FTE, the EC values were not calculated owing to the fact that the R coe$cient for the line of regression was smaller than 0.80. Except for these 19 assays, from a total of 150, in which the response was nonlinear or statistically nonsigni"-cant, all other data were signi"cant at P(0.05.
As can be seen in Table 1 , the 50 chemicals covered a wide toxicity range. In the three assays studied HgCl was clearly the substance with the greatest inhibitory activity, while DMSO was the least toxic substance in all three assays.
Analyzing the chemical substances by groups, as indicated in Table 1 , and excluding the results corresponding to a nonlinear or statistically nonsigni"cant response, the EC values were generally lower (more sensitive tests) in the group comprising inorganic compounds than in the remaining groups of substances. Both in the group of inorganic compounds and in the group of organochlorated solvents, the luminescence bioassay using <. harveyi (BTH) proved to be more sensitive than the other two bioassays. Nevertheless, for the majority of the substances in these two groups the luminescence bioassay using <. ,sheri (BTF) had lower sensitivity (high EC values) than the other two tests. None of the substances in these two groups gave EC values that were lower in BTF than in FTE and BTH, simultaneously, and only one of them (K O Cr ) gave an EC values that was lower in BTF than in BTH. In the other three groups, comprising pesticides, nonorganochlorated solvents, and &&other compounds,'' the FTE proved to be more sensitive to a greater number of substances than the luminescence test with any of the two organisms employed. In these three groups of substances, the BTF was also the least sensitive assay. Only three substances in the pesticide group*diazinon, dichlorvos, and parathionethyl, all dissolved in DMSO*gave EC values that were lower in BTF than in the BTH and FTE tests performed simultaneously.
The di!erences in sensitivity between the three assays according to EC values are summarized in BTH and FTE tests proved to be very similar in relation to the number of substances, 20 and 19, respectively, for which the corresponding EC values were lower than those obtained in the other assays. Of the 50 substances assayed using BTF, the EC values of just three of them were lower than those obtained simultaneously in the other two assays.
The relation between the bioassays is illustrated in Fig. 1 , in which the lines of regression obtained by comparing the log of the EC values obtained in each bioassay with the log of the EC values obtained in the other two, except for the toxicants for which no linear response was observed, have been plotted. In this "gure, which indicates the values of the lines of regression, together with their regression coe$cients, one can see a good correlation between the other three assays.
DISCUSSION
This study was performed to determine the correlation between the EC values of 50 substances obtained in an enzymatic toxicity test based on the activity of E. coli (FTE) and the corresponding values obtained in luminescence bioassays using <. ,sheri (BTF) and <. harveyi (BTH). Luminescence bioassays that use <ibrio have been proven to be excellent tools for predicting the acute toxic e!ect of single substances or mixtures on a wide variety of chie#y aquatic superior organisms (Kaiser, 1998; Walker, 1998) . Although a very signi"cant correlation does indeed exist between the results obtained in toxicity tests using <ibrio and those using other more complex species, the majority of authors recommend the use of test batteries that include bacterial systems to control complex environmental or ef#uvial samples such as sewage (Radix et al., 1999) . In this context, the objective of this study was to determine whether the use of a fast #uorescence assay (FTE) could increase the sensitivity of tests using <ibrio to chemicals. In addition, the sensitivity of two species of <ibrio (<. ,sheri and <. harveyi) to 50 chemicals, in relation to FTE, was also studied.
According to the results obtained (see Table 2 ), none of the assays proved to be more sensitive to all the tested substances than the others. Nevertheless, they suggest that the luminescence bioassay using <. harveyi was more sensitive than the test using <. ,sheri, and that a combination of BTF and FTE would be su$cient to detect the toxicity of any one of the chemical compounds tested. The di!erence in sensitivity between <. ,sheri and <. harveyi, in favor of the latter, has already been noted for several organic substances (Thomulka et al., 1992) . Although other substances should be tested, the bioluminescence assay with <. ,scheri could probably be excluded from a battery of assays since its inclusion would not produce a wider range of sensitivity than that obtained using <. harveyi. The di!erence in sensitivity between the assays is a known fact that has been attributed to the varying degree of sensitivity of the indicator organisms and to the type of test parameter being measured (T+rsl+v, 1993) . When designing a battery of toxicity tests, it seems advisable to include a su$cient number of indicator organisms that cover a good number of parameters, from cellular growth to those based on bacterial biochemical pathways. Subsequently, those organisms or parameters that are not sensitive to the largest number of toxicants possible can be discarded.
Many studies have been performed to compare, in very di!erent ways, the results obtained in toxicity tests using <. ,sheri with those obtained in other bioassays, particularly the so-called &&standard toxicity tests,'' which use daphnids, "sh, or algae, among other organisms more complex than bacteria. The in#uence of factors such as test species, exposure time, type of e!ect, variations in the inoculum or in the culture medium on the results of toxicity tests has also been noted, and several summaries have been published (Kaiser, 1998) . When comparisons are made between toxicity tests, one of the main problems of those using bacteria, even when they employ the same indicator organism, is their wide range of sensitivity to many chemicals (Toussaint et al., 1995) . As already mentioned, only a battery of toxicity tests would be suitable for analyzing the toxicity of environmental samples, and even then, bacterial tests have certain limitations when extrapolating the results obtained to more complex organisms (Walker, 1998) .
As noted at the beginning of this section, the central aim of this study was to determine whether an enzymatic test with E. coli could increase the sensitivity of tests using <ibrio, with the subsequent incorporation of other rapid toxicity tests involving enzymatic reactions to diverse organisms and functions more complex than bacteria, to obtain a battery of rapid tests homologous in sensitivity to the so-called &&standard toxicity tests.'' In this sense, an exhaustive comparison of the data obtained in this study with those obtained in other toxicity tests regarded as standard was not made, owing to the fact that without the completed battery comparisons of this sort would be pointless.
Notwithstanding, a preliminary comparisons of the data obtained in this study with some results published in the literature was indeed made. In general, the sensitivity range of toxicity tests is very wide and it is not always easy to make a proper comparison due to factors related to the sample or to the statistical method used to express the results (LaK nge et al., 1998; Hutchinson et al., 1998) . Because of the great quantity of data available, with the object of facilitating their use and extrapolation, the European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC) created a database containing 2200 records of the e!ects of about 360 chemicals (ECETOC, 1993) . The 174 data collected were obtained from the scienti"c literature based on methods recommend by di!erent international organizations including ISO, EPA, and OECD.
In relation to this study, when comparing simultaneously the results of BTH and FTE for 22 of the chemicals tested, all of which are included in the ECETOC database, 9 displayed a similar sensitivity since their EC values fell within the range of those "guring in the said database, BTH and FTE being less sensitive for 11 chemicals, and more sensitive for only 2 (DMSO and 2,3,5,6-tetrachlorophenol). In the acute toxicity study performed on Daphnia magna with 54 chemical compounds (Guilhermino et al., 2000) , 11 of which were also used in this study, the test using Daphnia proved to be the most sensitive of all to eight chemicals in relation to BTH and FTE. For another two compounds the sensitivities of BTH and FTE were similar, both tests being more sensitive only in the case of sodium lauryl sulfate. The greatest di!erences in sensitivity (lowest EC values) between the aforesaid study on Daphnia and this study, in favor of the former, occurred in the pesticide group.
In this study the type of solvent used in each sample conditioned the EC values for pesticides. To obtain these values for each pesticide a primary sample containing a 1% concentration of solvent in the "nal volume of the assay was prepared, from which dilutions were made to obtain the corresponding inhibition curve. No toxic e!ect of the solvents used*acetonitrile, cyclohexane, DMSO, or ethanol*at tested concentrations was observed in relation to the controls.
Except for carbofuran and mevinphos, in all the other cases the EC values obtained when the solvent was DMSO were lower than those obtained with methanol, cyclohexane, or acetonitrile. In the case of dichlorvos, the drop in the detection limit reached a factor of 100. This drop could not be attributed to the toxic e!ect of the solvent in any of the cases, owing to the fact that, as mentioned earlier, the controls without toxicants included the same amount of solvent as the samples. In turn, these controls did not display any di!erence in relation to the controls without solvent. The capacity of DMSO and of other solvents, such as toluene, to increase the sensitivity of toxicity tests has been attributed to an increase in the permeability of the cellular membrane, and its use to improve the e$cacy of these assays in detecting smaller concentrations of toxicants has already been proposed (Van Poucke et al., 1995) .
Several substances like DMSO, ethanol, and isopropanol have been mentioned for their capacity to increase the glucuronidase activity of E. coli at subinhibitory concentrations, without this being matched by an increase in CFU or by stimulation of glucuronidase activity per cell (Mariscal et al., 1999) . In the experiments performed in this study, in addition to DMSO and ethanol, other solvents such as chloroform, pentachlorophenol, 1-chlorohexane, and 1-chloropentane also produced an increase in glucuronidase activity in the #uorogenic assay, an increase that could be attributed neither to a rise in the number of microorganisms nor to the stimulation of BGU activity per cell. In the luminescence bioassays, none of the substances had an e!ect similar to those tested concentrations. The stimulation of enzymatic activity by the presence of chlorophenols has also been described in other bacterial toxicity tests that are likewise based on speci"c enzymatic activity of the indicator organism, for instance, the dehydrogenase and esterase activity of Pseudomonas -uorescens (T+rsl+v, 1993) . In some cases, the stimulation of enzymatic activity has been related in a similar way to the release of enzymes in stressful situations, although in other cases it may be involved in the alteration of some other metabolic process.
A great number of assays using bacteria as indicator organisms have been employed to control the toxicity of known substances or environmental samples such as sewage and sediments. Testing methods have also gone through a similar process, although those capable of providing results in a few hours have been the most sought after by researchers. Assays based on the capacity of toxicants to inhibit the bioluminescence of the marine bacterium <. ,scheri are probably the most widespread, although the usefulness of assays based on many other metabolic reactions has also been proven, and some have even been commercialized. The majority of these assays use protocols, reagents, and, more often than not, di!erent apparatus as well as speci"c computer programs to process the data. The creation of a battery of toxicity tests are extensive as possible, as is frequently proposed, would mean a large investment in equipment, apparatus with which, in many cases, only one type of assay could be performed. A minimum amount of equipment could include, among other things, a luminometer for the bacterial luminescence bioassay and other apparatus for determining cellular ATP (Kaiser, 1998; Kemp et al., 1988) ; a spectrophotometer for tests based on growth or a speci"c type of enzymatic activity such as that of dehydrogenase or esterase (Codina et al., 1993; T+rsl+v, 1993) , or on the reduction of tetrazolium dyes (Botsford, 1998) ; a respirometer for tests based on respiration inhibition (Sun et al., 1994) ; or a spectro#uorometer for reactions based on the use of chromogenic or #uorogenic substrata (Janssen and Persoone, 1993) .
A battery of toxicity tests that, as mentioned before, cover a wide range of parameters, and which at the same time could be performed using a minimum of laboratory equipment, should include organisms representing di!erent trophic levels, as well as diverse metabolic and physiologic functions. As a number of authors have already indicated, it would also be desirable to include tests that allow one to detect genotoxic activity and the e!ect of solid samples and extracts (Juvonen et al., 2000) . As can be deduced from the majority of studies, neither the toxicity tests used here nor those used in other studies are as sensitive as tests using "sh,
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CORRELATION OF THREE BACTERIAL-TOXICITY BIOASSAYS algae, or aquatic invertebrates, considered to be standard. Nevertheless, a combination of tests could provide results similar to those obtained in standard toxicity tests (Toussaint et al., 1995) . At present, numerous acute and chronic toxicity tests covering a wide range of organisms and measurement parameters have been described. However, most of them, particularly those using organisms more complex than bacteria, such as rotifers, brine, mysid shrimps, green algae, daphnids, and fathead minnows, cannot be conducted in less than 24}96 h. The necessity of obtaining rapid results has led several researchers to evaluate the e!ect of toxic substances on the metabolism not only of bacteria but also of these more complex organisms. An example of such a study would be the evaluation of the e!ect of chemicals regarded as hazardous environmental compounds on the activity of key sugar metabolism enzymes in Daphnia (De Coen et al., 2001) , on the inhibition of glucuronidase activity in algae (Peterson and Stauber, 1996) , or on the inhibition of esterase activity in rotifers (Mo!at and Snell, 1995) . Designing a battery of tests with measurement parameters based on rapid and easily measurable enzymatic reactions, including turbidity, luminescence, #uorescence, and colorimetry, would require little equipment, maybe only a polyvalent meter, and could be automated, as well. And if, in turn, these parameters re#ected more complex metabolic and physiologic mechanisms of organisms as simple as bacteria or as complex as those already mentioned they could constitute a good alternative to standard toxicity tests. The lack of sites of action in microorganisms, so important in the toxicology of vertebrates, means, however, that such tests cannot be considered to be reliable for speci"c, highly toxic compounds, even if the correlations between the toxicity tests for pesticides in daphnids and vertebrates have been shown to be quite good (Walker, 1998) . So, this battery of rapid tests could be suitable for primary estimations of the toxicity of single chemicals and, once validated with respect to standard toxicity tests, used for screening complex environmental or e%uvial samples like, for instance, those coming from sewage treatment plants.
CONCLUSION
This study is an initial attempt to develop a battery of toxicity bioassays that require a minimum of equipment but include a wide range of parameters and indicator organisms. Other microorganisms and other enzymatic reactions that make it possible to estimate the type of toxicity involved, based on parameters that could be quanti"ed using the same apparatus and whose data could be processed as whole, would be included in this battery. At present, the authors are testing other microorganisms of the unicellular alga type, with glucuronidase activity (Peterson and Stauber, 1996) , and other metabolic reactions based on the use of diverse chromogenic and #uorogenic substrata, for the purpose of incorporating them into the aforesaid battery.
